Summary We compared seedling water relations of three Mediterranean Quercus species (the evergreen shrub Q. coccifera L., the evergreen tree Q. ilex L. subsp. ballota (Desf.) Samp. and the deciduous or marcescent tree Q. faginea L.). We also explored seedling potential for acclimation to contrasting growing conditions. In March, 1-year-old seedlings of the three species were planted in pots and grown outdoors in a factorial combination of two irrigation regimes (daily (HW) and alternate day watering (LW)) and two irradiances (43 and 100% of full sunlight). At the end of July, predawn and midday water potentials (Ψ pd , Ψ md ) were measured, and pressure-volume (P-V) curves were obtained for mature current-year shoots. Species exhibited similar Ψ pd and Ψ md values, but differed in leaf morphology and water relations. The evergreens possessed larger leaf mass per area (LMA) and were able to maintain positive turgor pressure at lower water potentials than the deciduous species because of their lower osmotic potential at full turgor. However, the three species had similar relative water contents at the turgor loss point because Q. faginea compensated for its higher osmotic potential with greater cell wall elasticity. Values of Ψ pd had a mean of -1.12 MPa in LW and -0.63 MPa in HW, and Ψ md had a mean of -1.13 MPa in full sunlight and -1.64 MPa in shade, where seedlings exhibited lower LMA. However, the P-V curve traits were unaffected by the treatments. Our results suggest that Q. faginea seedlings combine the water-use characteristics of mesic deciduous oak and the drought-tolerance of xeric evergreen oak. The ability of Q. coccifera to colonize drier sites than Q. ilex was not a result of higher drought tolerance, but rather may be associated with other dehydration postponement mechanisms including drought-induced leaf shedding. The lack of treatment effects may reflect a relatively low contrast between treatment regimes, or a low inherent responsiveness of these traits in the study species, or both.
Introduction
The Mediterranean climate is characterized by the co-occurrence of high temperatures and low precipitation during the summer, which may subject perennial plants to severe stress. During this hot dry period, plant tissues may experience dehydration, and ultimately cell plasmolysis, resulting in cessation of gas exchange and growth (Hsiao 1973, Hsiao and Xu 2000) . Perennial plants native to drought-prone sites are able either to postpone dehydration (e.g., by means of deep roots, high stomatal sensitivity, low cuticular transpiration or leaf shedding) or to withstand some degree of dehydration (drought tolerance), or both (Levitt 1980 , Abrams 1990 , Kozlowski et al. 1991 . During the arid summer, Mediterranean species may rely primarily on a reduction of water losses (water savers) or on an efficient water uptake to compensate for water losses (water spenders) (Lo Gullo and Salleo 1988, Dong and Zhang 2001) . Mediterranean sclerophyllous species possess traits that help postpone dehydration (Cody and Mooney 1978, Turner 1994 ), but they also show a wide range of drought tolerance and water-use patterns during drought (Lo Gullo and Salleo 1988) . In particular, oak species (Quercus spp.) native to arid regions are able to withstand drought by postponing or tolerating dehydration, or both (Abrams 1990 ). In some Mediterranean oaks, the pattern of water use has been suggested to vary between seedlings and adults (Mediavilla and Escudero 2004) .
Osmotic adjustment and cell wall elasticity play a major role in the maintenance of leaf turgor, and therefore the ability to withstand water stress (Turner and Jones 1980 , Morgan 1984 , Lo Gullo and Salleo 1988 , Fan et al. 1994 . Both properties differ across species that have evolved under different selective pressures. Xeric species exhibit lower leaf or shoot osmotic potential at full turgor (Ψ π 100 ) and at the turgor loss point (Ψ tlp ) than mesic species (Aranda et al. 1996 , Corcuera et al. 2002 , Lenz et al. 2006 . Bulk modulus of elasticity (ε), a measure of cell wall rigidity, shows no consistent pattern along xeric-mesic gradients (see Corcuera et al. 2002 versus Robichaux et al. 1986 , Fan et al. 1994 , Aranda et al. 1996 , Lenz et al. 2006 , or between leaf habit types (see Sobrado 1986 , Zobel 1996 , Myers et al. 1997 . In addition, species show a varied capacity to accommodate their water relations to the conditions of their environment. For example, in response to decreasing water availability, some species decrease their osmotic potential (Fanjul and Rosher 1984 , Lo Gullo and Salleo 1988 , Katerji et al. 1997 , Villar-Salvador et al. 2004 , or decrease (Davies and Lakso 1979 , Joly and Zaerr 1987 , Fan et al. 1994 or increase ε (Ike and Thurtell 1981 , Bowman and Roberts 1985 , Lo Gullo and Salleo 1988 , Kubiske and Abrams 1991 , whereas others show no osmotic or elastic response (Fanjul and Rosher 1984 , Joly and Zaerr 1987 , Villar-Salvador et al. 1999 , Villar-Salvador et al. 2004 . Because some of these reported trends derive from comparisons of water relations before and after the arid period, they may be confounded with leaf aging effects (Abrams 1990 , Abrams and Menges 1992 , Patakas and Noitsakis 1997 .
We studied three Quercus species widespread in the Iberian Peninsula, which differ in size and leaf habit: Q. coccifera L., an evergreen shrub 2-3 m high with a leaf longevity between 12 and 36 months; Q. ilex L. subsp. ballota (Desf.) Samp., an evergreen tree up to 12 m high with a leaf longevity of 24-36 months; and Q. faginea Lam., a winter-deciduous or marcescent tree (i.e., withering leaves can be retained until next spring) up to 20 m high, whose leaf longevity is 8-9 months in adults, and up to 14 months in seedlings (Castro-Díez et al. 1997, Silla and Escudero 2003) . Although these species may coexist, Q. coccifera and Q. faginea dominate drier and wetter sites, respectively, and Q. ilex subsp. ballota occupies intermediate positions (Blanco-Castro et al. 1997 , Castro-Díez et al. 1997 . To study water relations of the three species, we compared seedling drought tolerance and cell wall elasticity, and analyzed seedling responses to contrasting irrigation and irradiance regimes that mimicked forestry treatments used to mitigate summer drought stress.
We predicted the drought tolerance ranking of the species to be Q. coccifera > Q. ilex > Q. faginea, according to their distribution in the field and their adult size. We hypothesized that this ranking will be reflected in both the Ψ tlp and relative water content at turgor loss point (RWC tlp ) (Hypothesis 1). Previous studies indicate that Q. faginea is more water-spending than its evergreen relatives because it possesses more mesic leaves (Castro-Díez et al. 1997) , higher maximum stomatal conductance in adults (Martínez-Ferri et al. 2000, Mediavilla and Escudero 2004) , wider xylem vessels (Villar-Salvador et al. 1997 , Castro-Díez et al. 1998 , larger root /shoot ratio in seedlings (Castro-Díez et al. 2006 ) and probably deeper roots in adults (Castro-Díez et al. 1997) . Consequently, we predicted higher ε in Q. faginea because species with inelastic cell walls are able to draw more water from the soil for a smaller loss of water than species with low ε (Cheung et al. 1975, Lo Gullo and Salleo 1988) (Hypothesis 2). Based on the studies cited, we hypothesized that Q. faginea will respond to increased drought severity by an increase in its potential for extracting water from the drying soils by increasing ε, whereas, under the same conditions, the evergreens will increase drought tolerance by decreasing Ψ tlp , RWC tlp and ε (Hypothesis 3).
Material and methods

Experimental design
The study was performed at El Encín experimental station, located in the Municipality of Alcalá de Henares (Madrid, Spain, 40°31′15″ N, 03°17′37″ W and 600 m a.s.l.). During the experimental year, the annual precipitation was 569 mm and the mean temperature was 15.7°C ( Figure 1 ). On March 6, 2002, 120 one-year-old seedlings per species were planted in individual 3-l containers filled with 2:3 (v/v) peat:sand. Seedlings had previously been grown in a nursery without water or nutrient limitation. The experimental area was divided into eight plots, two plots being assigned to each treatment combination of watering × irradiance. Fifteen seedlings per species were randomly assigned to each experimental plot. The two irradiance treatments were full sunlight (HR) and partial shade (LR), obtained by means of a black shade cloth that reduced irradiance to 43% of full sunlight without reducing the red/far red ratio (Castro-Díez et al. 2006) . During the low-rain period (from May 21 to the end of September; Figure 1 ), water was supplied before dawn by drip tubes at two frequencies: daily (high watering, HW) or every other day (low watering, LW). Watering time was adjusted to bring pots to field capacity without causing leaching, resulting in a mean of 183 ± 5 ml per plant and watering day. The HW treatment was intended to reduce plant water stress at the beginning of the summer, whereas the LW treatment was intended to prevent substantial drought-induced plant mortality. Air temperature, relative humidity and photosynthetic photon flux (PPF) in each treatment were recorded every 12 min throughout the experiment (HOBO H8 Ha-Li sensors, Onset Computer Corp., Pocasset, MA).
Shoot water potential and pressure-volume analysis
Water-relation traits were measured in fully expanded current-year shoots during the second half of July, which was the warmest and driest month (Figure 1 ). Predawn and midday water potentials (Ψ pd and Ψ md ) of 3-5 plants per species and treatment were measured with a pressure chamber (Skye SKPM 1400/80, Skye Instruments, Powys, Wales) at 0500 and 1200 solar h, respectively. One current-year shoot was detached from each of 3-6 additional seedlings per species and treatment near sunset for pressure-volume (P-V) analysis. The cut end was immersed in distilled water, and samples were kept in a dark refrigerated box for transport to the laboratory. Shoots were rehydrated over night in a dark chamber at 5°C before starting the P-V analysis with the repeated pressurization method (Hinckley et al. 1980) . At the end of the measurements, shoots were rehydrated to assess leaf area (Delta-T leaf area meter, Cambridge, U.K.) and then oven-dried at 60°C for 48 h and weighed. The P-V curves were used to derive Ψ π 100 , Ψ tlp , RWC tlp , ε and apoplastic relative water content (RWC a ) following Hinckley et al. (1980) , after correcting for plateau effects in the few cases where they were observed (Abrams and Menges 1992) . We calculated ε as the slope of the relationship between RWC and turgor pressure (Ψ p ) over the entire range of positive turgor, multiplied by the mean symplastic water content (ΔRWC -RWC a ). Leaf mass per area (LMA) was the quotient between leaf dry mass and leaf area. The shoot saturated mass to dry mass ratio (SW/DW) was used as a correlate of tissue density, because both traits are negatively correlated in leaves across species (Castro-Díez et al. 2000) .
Statistical analysis
Predawn and midday water potentials, LMA, SW/DW, P-V parameters and the difference between Ψ md and Ψ tlp were analyzed by three-way ANOVA, where species, irradiance and watering were considered fixed factors, after checking for normality and homoscedasticity. Differences across species pairs were assessed by a Bonferroni post-hoc test. To assess the potential effect of the varying proportion of stem to leaf dry mass of the shoots, this trait was included as a covariate in all analyses, but it was significant only in the case of SW/DW, so it was not considered in the other cases. Stepwise multiple regression by species was used to identify the main correlates of Ψ tlp, RWC tlp and ε. We considered Ψ π 100 , ε, LMA and SW/DW as independent traits for the two former variables, and Ψ π 100 , RWC tlp , LMA and SW/DW for the latter. Raw residues were checked for normality. All analyses were performed with SPSS v13.0 software (SPSS, Chicago, IL).
Results
Cross-species comparison
Neither Ψ pd nor Ψ md varied across species. Values of LMA were largest in Q. ilex, followed by Q. coccifera and then Q. faginea, whereas SW/DW followed the reverse trend (Table 1). The two parameters used as predictors of dehydration tolerance (RWC tlp and Ψ tlp ) followed different across-species trends. As predicted, Ψ tlp was higher in the marcescent seedlings than in the evergreen seedlings, but no difference was found between the two evergreens. This trend was paralleled by Ψ π 100 . In contrast, RWC tlp did not differ across species because the larger Ψ π 100 of Q. faginea was compensated by a lower ε, which allowed a shallower decline in Ψ p with tissue dehydration. Differences in ε across species were larger in shade seedlings than in sun seedlings (Table 2 ; species × irradiance interaction term, P < 0.1). In the LW treatments, the difference between Ψ md and Ψ tlp was smallest in Q. faginea, whereas in the HW treatments, the smallest difference was in Q. ilex, the interaction term being marginally significant (P < 0.1; Table 2 ).
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com WATER RELATIONS OF THREE MEDITERRANEAN QUERCUS SPECIES 1013 Table 1 . Mean values ± SE of shoot water potential at predawn and midday (Ψ pd and Ψ md ), leaf mass per area (LMA) and saturated shoot mass to dry shoot mass ratio (SW/DW) of 3-6 seedlings per species and treatment (HR = full sunlight, LR = shade, HW = daily watering and LW = alternate day watering). The main effects of species (S; for each variable, different letters within a column indicate differences between species), irradiance (I) and watering (W) are presented on the basis of a three-way ANOVA. The only significant interaction term was I × W for SW/DW (P < 0.05). Significant effects are indicated as: ns, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; and ***, P ≤ 0.001. 
Within-species comparison
Values of Ψ pd were lower in LW seedlings than in HW seedlings, whereas Ψ md declined more in shaded plants than in full sun-exposed plants. Although LMA was consistently higher in HR seedlings than in LR seedlings, it was unaffected by watering regime. The SW/DW ratio was larger in LR seedlings than in HR seedlings in the LW treatments, the reverse was true in the HW treatments (Table 1) . The difference between Ψ md and Ψ tlp was less in LR seedlings than in HR seedlings (Table 2) . Among P-V traits, the only marginally significant treatment effect was that of the watering × irradiance interaction on Ψ π 100 , which was lower in seedlings in the LW treatments than in the HW treatments only in full sunlight (P < 0.1; Table 2 ).
Correlates of dehydration tolerance
The two variables used to assess dehydration tolerance (RWC tlp and Ψ tlp ) were not correlated (r = 0.15, P = 0.27). In the case of Ψ tlp , both Ψ π 100 and ε were predictive variables with positive coefficients in the stepwise regression, which means that the two traits contributed positively to the variation in Ψ tlp , once the effect of the other variable was removed. However, Ψ π 100 was the best predictor of Ψ tlp because its standardized regression coefficients were more than twice those of ε. This result was consistent across the three species. In the case of RWC tlp , the model was significant only for Q. ilex, which included Ψ π 100 as the sole predictive variable with a positive regression coefficient. In all species, ε was negatively correlated with Ψ π 100 , and positively correlated with RWC tlp only in Q. coccifera (Table 3, Figure 2 ).
Discussion
Cross-species comparison
The study species maintained positive turgor up to Ψ tlp values of between -2.18 and -3.28 MPa, and to RWC tlp values of 81-86%, which are in the range reported for other (sub-) Mediterranean Quercus species (Aranda et al. 1996 , Corcuera et al. 2002 , Villar-Salvador et al. 2004 ) and lower than those reported for other Quercus species from more mesic sites (Abrams and Menges 1992, Corcuera et al. 2002) . Values of ε compared less well with those in the literature because different methods of calculation are used by different authors. Species ranking for drought tolerance based on Ψ tlp was Q. coccifera = Q. ilex > Q. faginea, giving partial support to Hypothesis 1. This ranking is explained by the higher osmolyte accumulation in the evergreen species, allowing maintenance of positive turgor pressure at lower water potentials. The lack of difference between the two evergreens suggests that the higher potential of Q. coccifera to colonize drier sites (Blanco-Castro et al. 1997 ) relies on dehydration postponement mechanisms rather than on drought tolerance mechanisms. This suggestion is supported by observations showing that, in both field-grown adults and nursery-grown seedlings, 1014 CASTRO-DÍEZ AND NAVARRO TREE PHYSIOLOGY VOLUME 27, 2007 Table 2 . Mean values ± SE of shoot water potential at turgor loss point (Ψ tlp ), difference between midday shoot water potential and turgor lost point (Ψ tlp -Ψ md ), shoot osmotic potential at full saturation (Ψ π 100 ), relative water content at turgor loss point (RWC tlp ) and bulk modulus of elasticity (ε) of 3-6 seedlings per species and treatment (HR = full sunlight, LR = shade, HW = daily watering and LW = alternate day watering). The main effects of species (S; for each variable, different letters within a column indicate differences between species), irradiance (I) and watering (W) are presented on the basis of a three-way ANOVA. For all interaction terms, P > 0.05. Significant effects are indicated as: ns, P > 0.05; and **, P ≤ 0.01. Q. coccifera is more prone to leaf shedding in response to drought than Q. ilex (unpublished data). Contrary to Hypothesis 1, RWC tlp did not differ across species because of the unexpectedly high cell wall elasticity (low ε) of Q. faginea, which facilitates tissue shrinkage and decelerates turgor decline during dehydration. This mechanism for maintaining cell turgor has also been described in other deciduous oaks (Saito and Terashima 2004) . Thus, the three species tolerate a similar degree of tissue dehydration, in terms of RWC, but by different mechanisms (i.e., by osmolyte accumulation in the evergreens and by high cell wall elasticity in the marcescent species). This result refutes Hypothesis 2, which postulated less elastic cell walls in the more water-spending Q. faginea as an additional mechanism to facilitate water recovery in drying soils. However, an extreme water-spending strategy requires an uninterrupted water supply during the dry period (Lo Gullo and Salleo 1988) . This condition is difficult to meet in seedlings that have yet to develop a deep root system and necessitates competition for soil water with fast-growing herbs (Rey-Benayas et al. 2005) . Therefore, Q. faginea seedlings combine the water-spending traits of deciduous mesic oaks, needed to amortize leaf cost in a single season, with some degree of dehydration tolerance. Thus, the study species demonstrated the overall negative correlation between ε and Ψ π 100 reported for a wide range of species (Niinemets 2001 , Corcuera et al. 2002 , Lenz et al. 2006 .
Species responses to treatments
Despite the lower Ψ pd values of LW seedlings compared with HW seedlings, watering regime had little effect on P-V curve traits. Conversely, shade had no effect on Ψ pd , but caused Ψ md to decline more than in full sun. This decline was unexpected given the positive relationship between PPF and stomatal conductance or transpiration rate reported by many authors (Jones 1992 , Welander and Ottosson 2000 , Mendes et al. 2001 , Aranda et al. 2005 . However, the greater proportion of transpiration area per unit seedling biomass in shade (Castro-Díez et al. 2006) , together with a likely lower hydraulic conductivity of seedling stems grown in shade (Cochard et al. 1999) , may explain the higher midday dehydration experienced by shade plants compared with sun plants Three arguments can be offered to explain the lack of treatment effects on the P-V curve traits (against Hypothesis 3).
(1) The contrasts between treatments were insufficient to trigger water-relation responses. For example, a trend of declining osmotic potential in the LW treatment was found only in full sunlight, suggesting that larger water deficits might induce osmotic adjustment. (2) Mediterranean xeric species may have a low capacity to adjust their P-V curve traits in response to drought. If true, this accords with the findings of Fan et al. (1994) , who reported osmotic and elastic adjustment to drought cycles in two mesic trees, but no response in a xeric pine. (3) Seedlings of Mediterranean oaks may rely more on whole-plant morphological or phenological traits during acclimation to drought or high irradiance, as already suggested by several authors (Poole and Miller 1981, Valladares 2001) . Accordingly, in a study on the same species, seedlings exposed to more severe stress reduced their transpiring surface area (Castro-Díez et al. 2006) .
Because the decline in Ψ md was larger in shade plants than in sun plants and was unaccompanied by either osmotic or elastic adjustment, we conclude that shade seedlings operate at water potentials closer to plasmolysis than sun seedlings. Consequently, Quercus seedlings grown in shade must be more prone to tissue damage when transferred to more stressful conditions. This should be considered by Mediterranean nurseries TREE PHYSIOLOGY ONLINE at http://heronpublishing.com WATER RELATIONS OF THREE MEDITERRANEAN QUERCUS SPECIES 1015 Table 3 . Summary of results of multiple stepwise regression models predicting water potential at turgor loss point (Ψ tlp ), relative water content at turgor loss point (RWC tlp ) or mean modulus of elasticity (ε) in each species. The independent variables were ε or RWC tlp , osmotic potential at full saturation (Ψ π 100 ), the ratio of saturated to dry shoot mass (SW/DW) and leaf mass per area (LMA). Abbreviation: n = number of replicates. The term R a 2 denotes the adjusted coefficient of determination. The β-standardized partial regression coefficients and their significance for the independent variables included in the models are presented. A dash denotes that the variable was not included in the model. Neither SW/DW nor LMA was included in any model. Significant effects are indicated as: ns, not significant; *, P ≤ 0.05; **, P ≤ 0.01; and ***, P ≤ 0.001. 
Correlates of dehydration tolerance and cell wall elasticity
Variations in Ψ tlp , RWC tlp and ε within each species were not explained by variation in LMA and SW/DW. Although Niinemets (2001) found a weak positive correlation between LMA and ε across a large set of species from throughout the world, he suggested that ε scales with leaf density, rather than with LMA. In our study, SW/DW, which is a correlate of leaf density (Castro-Díez et al. 2000) , exhibited little or no consistent within-species variation (see Table 1 ). By contrast, mean LMA was 11% larger in sun seedlings than in shade seedlings, suggesting that the anatomical changes underlying light-induced variations in LMA (increased leaf thickness and palisade/spongy ratio, decreased intercellular space (Chabot and Chabot 1977 , Smith and Nobel 1978 , Aranda et al. 2004 )) had no effect on cell wall or protoplasmic properties. Osmotic potential at full saturation predicted Ψ tlp closely in all three species, pointing to solute accumulation as the main mechanism underlying interspecific variation in drought tolerance within the study species (Lenz et al. 2006) . However, other authors found that variation in ε was the predominant factor underlying differences in drought tolerance (Fan et al. 1994 , Chartzoulakis et al. 2002 , which indicates that mechanisms of drought tolerance are species-specific.
In conclusion, seedlings of the two evergreen Quercus species maintained positive turgor pressures at lower water potentials than the marcescent Q. faginea because of their lower osmotic potential at full turgor. However, the three species had a similar RWC tlp because Q. faginea compensated for its higher osmotic potential with greater cell wall elasticity. This suggests that seedlings of the Mediterranean marcescent oak combine water-spending and drought-tolerance properties. The three species had a limited capacity to adjust their water relations to environmental conditions. Further research is needed to discern whether this result is associated with a low inherent plasticity of the seedlings or to low contrast between the experimental treatments. CASTRO-DÍEZ AND NAVARRO TREE PHYSIOLOGY VOLUME 27, 2007 Figure 2 . Scatter plots of osmotic potential at full turgor (Ψ π 100 ) versus (A) water potential at the turgor loss point (Ψ tlp ), (B) shoot relative water content at the turgor loss point (RWC tlp ) and (C) mean modulus of elasticity (ε). Each value represents one seedling.
